Background: The aim of this study was to establish a minimally invasive defibrillation testing (DT) protocol for patients with implantable cardioverter defibrillators (ICDs). Methods: Two different energy DTs were performed, immediately after (15 J-DT) and 7 days after ( r10 J-DT) device implantation, in 20 consecutive ICD implantation patients. Cardiac-troponin T (c-TNT) and heart-type fatty acid binding protein (H-FABP) levels were measured before implantation, 2 h after implantation, and 1 day after each DT. For an additional 122 patients with ICD, we retrospectively analyzed 203 DTs immediately and 7 days after device implantation. Conclusions: Elevated levels of myocardial damage markers such as c-TNT and H-FABP were not found after r10 J-DT. In addition, an acceptable success rate was confirmed in r 10 J-DT.
Introduction
Implantable cardioverter defibrillator (ICD) has become a widely accepted therapy for patients with life-threatening ventricular tachyarrhythmias [1] [2] [3] . However, it has been reported that patients who received both appropriate and inappropriate shocks had a substantially higher risk of death than those who did not receive any [4] . This link between shock and poor clinical prognosis has two possible explanations. The first explanation is that arrhythmia occurred more frequently during disease progression, resulting in increased mortality, [5] and the second explanation is that shock therapy itself may worsen the clinical outcome. Although it is difficult to determine which of these explanations is correct, earlier animal and clinical studies revealed that shock caused myocardial injury [6, 7] and unstable cardiac hemodynamics [8] .
Defibrillation testing (DT), conducted by inducing and terminating ventricular fibrillation (VF), has been widely considered as a part of the standard protocol for ICD implantation. DT ensures the device's ability to terminate VF, adequate sensing, and appropriate high-voltage electrode connections. Although the clinical importance of DT is still controversial [9] [10] [11] [12] , electrophysiologists should reduce myocardial damage caused by DT as much as possible.
The aim of this study was to investigate the extent of myocardial injury after r10 J-DT and 15 J-DT. The levels of sensitive and highly specific circulating biomarkers, cardiac troponin T (c-TNT), and heart-type fatty acid binding protein (H-FABP), were evaluated as indicators of myocardial injury [13, 14] . In addition, we retrospectively compared the success rates of r10 J-DT and Z15 J-DT.
Materials and methods

Study population
Between March 2010 and February 2011, 20 consecutive patients underwent pectoral ICD implantation at Yamagata University Hospital. Patients diagnosed with acute coronary syndromes within 3 months preceding admission, and those with renal failure, characterized by a serum creatinine concentration 42.0 mg/dL, were excluded from the study. Ethical approval was obtained from the institutional review committee (approval date, February 15, 2010 ; approval number, 147), and all patients provided informed, written consent before participating in the study.
To evaluate the success rate of r10 J-DT immediately after device implantation, we identified 167 patients who underwent pectoral ICD implantation between January 2004 and February 2010. Among these patients, we excluded 45 in whom DT was not performed or who received several DTs immediately after device implantation. The remaining 122 patients who underwent 203 DTs were included in a retrospective analysis.
Defibrillator implantation and DT
All 20 patients received a transvenous lead system via the subclavian vein, and a pulse generator was placed in the left pectoral region (Medtronic Inc., Minneapolis, MN, USA, n ¼ 5; St. Jude Medical Inc., St. Paul, MN, USA, n ¼10; Boston Scientific Inc., Marlborough, MA, USA, n ¼5). A single-chamber transvenous ICD system was used for 10 (50%) patients. All patients were implanted with a dual coil ICD lead at the right ventricular apex.
DTs examining two different energies were performed in each patient. The first DT (15 J-DT) was immediately after ICD implantation, and the second DT [ r10 J-DT (9 J or 10 J)] was performed 7 days after device implantation (Fig. 1 ). DTs were performed under short-duration, deep sedation using thiopental. VF was induced via the device's test program with a 50-Hz burst. In cases of initial shock failure, the energy was increased in 10-J steps in subsequent tests until defibrillation was successful. In the retrospective analysis, which included 122 patients with ICDs, the initial shock energy was selected by a physician who implanted the device.
Measurement of c-TNT and H-FABP
Baseline c-TNT and H-FABP levels were measured before ICD implantation when the patient was stable and free from clinical ventricular arrhythmia for at least 2 weeks. Blood sampling was performed at least 1 week after electrophysiological studies and VF induction. Postoperative blood samples were obtained 2 h and 1 day after the first and second DTs.
Blood samples used to measure serum c-TNT and H-FABP levels were centrifuged at 2500g for 15 min at 4°C, within 30 min of collection, and the serum was stored at À 70°C until analysis. The concentrations of c-TNT were measured using a fourth-generation electrochemiluminescence immunoassay on an Elecsys 2010 automatic analyzer (Elecsystroponin-T, Roche Diagnostics, Basel, Switzerland) [13, 14] . H-FABP levels were measured using a twostep sandwich enzyme-linked immunosorbent assay (MARKIT-M H-FABP, Dainippon Pharmaceutical Co. Ltd., Tokyo, Japan) [13, 14] .
Statistical analysis
Continuous variables were expressed as the mean 7the standard deviation. Skewed variables were presented as medians with interquartile ranges (IQRs). We employed t-tests and chi-square tests to compare continuous and categorical variables, respectively. Mann-Whitney U tests were conducted for non-normally distributed data, and Wilcoxon signed rank sum tests were used for comparing pre-and postoperative values. Univariate analysis and logistic regression were used to identify significant predictors of r 10 J-DT failure. Values of p o0.05 were considered statistically significant.
Results
Patient characteristics
All 20 patients underwent successful ICD implantation and testing. The initial shocks were successful for both the first (15 J-DT) and second (r10 J-DT) sessions. No patients required additional shocks, and no serious complications were noted. The clinical characteristics of the 20 patients for whom DTs and blood sampling were conducted are shown in Table 1 . The patients had a mean age of 56.4 712.2 years, and the majority (i.e., 80%, n ¼16) were male. Overall, 5 (25%), 2 (10%), and 7 (35%) patients had hypertension, diabetes mellitus, and dyslipidemia, respectively. Five patients had a history of ischemic heart disease. ICDs were implanted for primary prevention in 5 patients and secondary prevention in 15 patients. Three (15%) patients received a resynchronization ICD device. The median plasma B-type natriuretic polypeptide level was 51.9 pg/mL. The estimated glomerular filtration rate was preserved in all patients. Baseline c-TNT and H-FABP levels were 0.008 (0.004-0.019) ng/mL and 2.9 7 1.5 ng/mL, respectively. Echocardiography showed a preserved left ventricular end-diastolic dimension and left ventricular ejection fraction. Seven (35%) patients received amiodarone. Fig. 1 . Blood sampling and defibrillation testing protocols. Two different energy defibrillation testing were performed, immediately after and 7 days after device implantation. Cardiac damage markers were measured before implantation, 2 h after implantation, and 1 day after each defibrillation testing. d, Day; DT, defibrillation testing; h, hour.
Myocardial injury
15 J-DT; however, r10 J-DT did not affect the prevalence of the normal c-TNT level (70% [14/20] ). Similarly, serum H-FABP levels were significantly elevated 2 h after 15 J-DT (6.4 73.4 ng/mL), but these value decreased 1 day after 15 J-DT (4.2 72.7 ng/mL). Serum levels of H-FABP were not significantly elevated 2 h or 1 day after r10 J-DT, 2.7 71.5 and 2.6 71.4 ng/mL, respectively (Fig. 2B) .
The change in H-FABP level from baseline to 2 h after DT was significantly greater for 15 J-DT compared with r10 J-DT (3.6 7 2.8 vs. À0.2 7 1.1 ng/mL, p o0.001). A majority of patients [95% (19/20) ] showed normal H-FABP levels (r 6.2 ng/mL) at baseline. Ten (50%) patients showed an increase in H-FABP level (46.2 ng/mL) 2 h after 15 J-DT; however, r10 J-DT did not affect the prevalence of the normal H-FABP level (95% [19/20] ).
DT success rate
In our retrospective cohort of 122 patients with ICD implantation, a total of 203 DTs were performed. Forty-one patients underwent a single DT immediately after device implantation. The remaining 81 patients underwent two DTs, one immediately after device implantation and another 7 days after ICD implantation. Among 122 patients, r 10 J-DT and Z 15 J-DT were performed in 76 (62%) and 46 (38%) patients, respectively. Among 203 DTs, r10 J-DT and Z15 J-DT accounted for 92 (45%) and 111 patients (55%), respectively. The success rate of r10 J-DT was 85% (78/92), while that of Z15 J-DT was 92% (103/111). Although an acceptable success rate was found for r10 J-DT, the success rate was relatively low compared to that of Z15 J-DT (p ¼0.07).
Predicting r10 J-DT failure
The baseline characteristics of the 76 patients who underwent r10 J-DT are summarized in Table 2 . Hypertension, dyslipidemia, and ischemic heart disease tended to be frequently observed in the r10 J-DT success group (Table 2) . No significant difference was found between the two groups in terms of age, prevalence of resynchronization ICD implantation, dual chamber ICD, rightsided device, blood examination, echocardiographic findings, or amiodarone usage. 
Discussion
Our results demonstrated that patients who underwent ICD implantation and received 15 J-DT exhibited evidence of myocardial damage as indicated by increased serum c-TNT and H-FABP levels. On the other hand, r10 J-DT (9 J or 10 J) was associated with an acceptable successful DT rate and no significant elevation in either marker.
We used the specific myocardial injury markers c-TNT and H-FABP. Some reports clearly show the clinical usefulness of c-TNT among patients with myocardial infarctions [15, 16] and cardiac contusions [17] . In addition, H-FABP elevation is associated with minimal damage to cardiomyocytes and reflects superficial myocardial injury. Basic and clinical research in rats, as well as human autopsy analyses have revealed that H-FABP leakage occurs despite the absence of myocyte necrosis [18] . H-FABP is a lowmolecular-weight protein that is normally confined to the cytoplasm and released into the circulation through the porous membranes of damaged myocardial cells [19, 20] .
There are some reports regarding the relationship between internal shocks and myocardial injury. Hurst et al. reported that mean defibrillation energy during DT was significantly higher in patients with cardiac troponin I (c-TNI) elevation (20.0 73.8 J) than in those without marker elevation (14.6 73.4 J). Multivariate analysis revealed that a mean defibrillation energy Z 18 J was a strong risk factor for a rise in c-TNI [6] . Boriani et al. confirmed asymptomatic, minor myocardial injuries in patients with persistent atrial fibrillation who underwent atrial cardioversion. In these subjects, two catheters were placed in the right atrium and the coronary sinus, respectively, to administer internal shocks.
The level of c-TNI was elevated in 15 of 35 (43%) patients, and the total delivered energy ranged from 28.7 710.4 to 35.3 732.6 J [21] . In accordance with earlier reports, we found that both c-TNT and H-FABP levels were elevated in patients undergoing 15 J-DT. If myocardial damage only affected the limited focal myocardium, it might not be a serious problem. However, endocardial shock affects the entire heart. Schirmer et al. showed that in 13 fox hounds, the use of endocardial lead systems with low-energy countershocks caused severe myocardial alterations such as swollen mitochondria, disruption of mitochondrial crests, and the loss of integrity of the inner and outer mitochondrial membranes [22] . Takano et al. assessed 17 patients with ICD implantation and found a significant correlation between shock strength and the change in cardiac index; lower energy shocks did not affect cardiac hemodynamics [8] . Although the precise relationship between increased myocardial damage marker levels and altered hemodynamic status is unclear, high-energy DT may induce focal myocardial damage and affect cardiac hemodynamics.
Several studies concluded that neither ICD shock frequency nor mortality was different between patients who underwent DT and those who did not [10, 12] . Conversely, patients who did not undergo intraoperative DT had significantly higher overall mortality rates than those who did [9, 11] . In addition to this controversy, we need to consider the possibility of device malfunction. A single successful DT for VF was just as useful as repeat DTs [23, 24] . Recently, sub-analysis of the Shockless IMPLant Evaluation (SIMPLE) trial demonstrated that elevated troponin levels after ICD implantation were associated with a high mortality rate (adjusted hazard ratio 1.43, p ¼0.001) and a high risk of arrhythmic death (adjusted hazard ratio 1.80, p ¼0.002). Abnormal troponin level elevation was frequently observed in patients who underwent DT (417 J) compared with those without DT (42.1% vs 37.5%, p ¼0.04) [25] . From this viewpoint, a single minimally invasive DT may be acceptable.
Although the success rate for DT was not significantly different between r10 J-DT and Z15 J-DT, the former tended to have a lower success rate. Minimally invasive DT is a promising strategy; however, unsuccessful attempts are followed by the administration of additional higher energy DTs. Therefore, r10 J-DT should be avoided in patients who may have a high risk for an unsuccessful DT. Unfortunately, we could not identify specific risk factors associated with an unsuccessful DT in the present investigation. Earlier studies reported that atrial fibrillation, left ventricular systolic dysfunction, left ventricular hypertrophy, and amiodarone usage were predictive of a high defibrillation threshold [26, 27] .
Study limitations
First, DTs were performed twice in each patient. Myocardial damage associated with the first test (15 J-DT) may influence marker levels during the second test (r10 J-DT). Despite this, we found that c-TNT and H-FABP levels were not increased after r10 J-DT. Second, baseline blood sampling was performed before device implantation, and not immediately before the first DT. Although a previous report concluded that cardiac marker levels did not increase after lead implantation [5] , device implantation itself might have influenced myocardial damage markers in the present study [6] . Third, all 20 patients who underwent blood sampling and DT were implanted with a dual coil ICD lead in the present study. The difference between single coil and dual coil ICDs may influence myocardial damage. Finally, the SIMPLE study revealed the efficacy of ICD implantation without DT. However, in this study, all patients were programmed for shocks of 417 J [12] . Future investigations may be necessary to compare the efficacies of ICD implantation without DT versus those performed with minimally invasive DT. 
Conclusion
Elevated levels of the myocardial damage markers c-TNT and H-FABP were not found after r10 J-DT (9 J or 10 J) in patients who underwent device implantation. Our findings confirm that minimally-invasive DT has an acceptable success rate. To prevent unnecessary myocardium damage, r10 J-DT may be an ideal strategy; however, it should not be used in patients at high risk for a high defibrillation threshold.
